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Computational approachesElectronic and magnetic properties of transition-metal oxides are a continuing research theme due to the
variety of ground states and their technological applications. In the present paper, we present ﬁrst-
principles calculations using the full-potential linear augmented plane-wave methods (FP-LAPW) on
the structural, electronic and magnetic properties of tree cubic (Pm–3m space group) perovskite oxides
SrRuO3, BaRuO3, and CaRuO3 in comparison with other phases ((4H) four-layered hexagonal (P63/mmc
space group), (2H) two-layered hexagonal (P63/mmc space group) and orthorhombic (Pnma space group).
The current study is given within the density-functional theory basis DFT. The exchange-correlation
potential is introduced by different approaches. We computed the equilibrium lattices, bulk modulus
and its pressure derivatives and equilibrium volume. Our obtained results agree successfully with the
theoretical and experimental data. The spin magnetic moments of these oxides have been obtained to
investigate the magnetic properties. We report a detailed analysis of the different ground states proper-
ties for considerable oxides using GGA and GGA-modiﬁed Becke–Johnson computational approaches.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Perovskite oxides with ABO3 composition are very important,
because of the properties that result from highly correlated d-band
electrons and strong electron–lattice couplings. They are investi-
gated in several technological domains. They are considered as
sensors and catalysts [1], multiferroic [2], supraconductors [3],
dielectrics [4], piezoelectric [5], semiconductors [6], ferromagnetic
[7], ferroelectric [8], antiferromagnetic [9] ceramic fuel cells [10],
colossal magnetoresistance [11], insulator–metal transition, ionic
conduction characteristics, and ferroelasticity [12–14]. The ABO3
formula is considered as an ideal cubic structure adopted by most
perovskite oxides, it can be described as consisting of a corner
sharing BO6 octahedral where B cations are coordinates by six X
anions, while A cations are coordinates by 12 X anions. We also
found a wide variety of derivative structure-types (cubic, hexago-
nal, tetragonal, orthorhombic, and rhombohedra) on these
materials, this is an important factor which increases their physical
properties. In the earlier years, it is well-known that BaRuO3
has a polytype structure (cubic, 6H-hexagonal, 4H-hexagonal,10H-hexagonal, orthorhombic, and rhombohedral) [15–18]. The
CaRuO3 also adopts different structure phases, the orthorhombic
[19–23], 4H [24–28], and cubic [24,17,27], while the SrRuO3 is
found to be orthorhombic with Pbnm space group [24] and
[29–35], 4H [24,36–38]. Due to its low resistivity and good chem-
ical stability, SrRuO3 (SRO) is frequently used as metallic electrodes
in epitaxial perovskite-heterostructure capacitors [39–41]. Metal-
lic strontium ruthenate SrRuO3 (SRO) has attracted much interest
because of its unusually high Curie temperature (Tc = 160 K) which
is unique among 4d and 5d transition metal oxides [42,43]. The fer-
romagnetism (FM) in this ABO3 perovskite is of the Stoner type,
arising from a high density of states (DOS) at the Fermi level (EF)
due to a nearby van Hove singularity. SrRuO3 has been the subject
of numerous studies due to the coexistence of metallic conductiv-
ity and ferromagnetism, a combination that leads to possible
technological applications [44–48]. BaRuO3 is considered as a poly-
type oxide, it shows several different structures as a function of
pressure. At atmospheric pressure, BaRuO3 has the 9R polytype
structure. This structure transforms at 15 kbar to the 4H structure
and further transforms to the 6H structure at 30 kbar [49]. It is one
of the relatively simple and stable Ru based oxides, crystallizes in
hexagonal perovskite material structure consisting of a face shar-
ing octahedral [50,51]. The hexagonal BaRuO3 provides an example
Fig. 1. Different Crystal structures studied for our perovskite oxides ARuO3 with (A = Sr, Ca, and Ba).
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of the perovskite type structure. The physical properties of the
BaRuO3 compound are mainly due to unﬁlled 4d level of Ru ions,
however, the ionic radii of the Ba cation also play a signiﬁcant role
[50,51]. BaRuO3 crystals in this preparation had the four-layer
hexagonal (4H) structure which had been considered as a phase
produced only at high pressure (15–30 kbar) [49]. BaRuO3 rather
crystallizes into the hexagonal perovskite structure at ambient or
lower synthesis pressure [52–54], than the orthorhombic perov-
skite structure like SrRuO3 and CaRuO3 [54,55,42]. Tree types of
the hexagonal perovskite BaRuO3 namely 9R, 4H, and 6H, have
been reported, where the number is the amount of BaO3 layers in
a unit cell, and the R and H denote the rhombohedral and hexago-
nal structures, respectively. The 4H-BaRuO3 is a normal paramag-
netic Fermi-liquid metal down to liquid helium temperature[54,56]. The 6H-BaRuO3 is an abnormal paramagnetic metal devi-
ated from the Fermi-liquid behavior at low temperature [54,57].
There is a strong electron–electron correlation in the 4H and 6H
forms. Recently, the cubic perovskite BaRuO3 with space group
Pm–3m has been synthesized by the application of a high-pressure
technique [58,59], it can be cubic at about 120 kbar [60,53]. We
have therefore performed the ﬁrst-principles calculations to
provide the important theoretical analysis on the tree of a perfect
oxide with MRuO3 formula (M = Sr, Ba, and Ca) by employing
different approaches to calculate different crystal structures (cubic,
2H-hexagonal, 4H-hexagonal, and orthorhombic). For more
comprehension, we studied the electronic structure of these mate-
rials by the GGA and GGA-mBJ (modiﬁed Becke–Johnson) in order
to compare between them. The magnetic interaction is also taken
into account and discussed.
Fig. 2. The ferromagnetic (FM) conﬁguration with Pm–3m crystal phase.
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The electronic structure and magnetic properties of MRuO3
(M = Sr, Ba, and Ca) are studied by using the full-potential linear-
ized augmented plane wave (FP-LAPW) within the DFT method.
Crystal is divided up into two main regions, inside mufﬁn-tin
spheres, and an interstitial region. This is an implementation of aFig. 3. Computed total energy versus unit-cell volume for the Shybrid full potential linear augmented plane wave within local
orbitals (L/APW + lo) method implemented in the Wien2K package
[61] based on the density functional theory [62,63]. The basis set
inside each MT sphere is split into core and valence subsets. The
core states are treated within the spherical part of the potential
only and are assumed to have a spherically symmetric charge
density totally conﬁned inside the MT spheres. To treat the
exchange-correlation potential, different approaches are employed
(Perdew–Wang local spin density approximation LSDA [64,65], the
generalized gradient approximation GGA [66–71] (PBE-GGA,
WC-GGA, and PBEsol-GGA)) in the structural analysis, and modi-
ﬁed Becke–Johnson (mBJ) as coupled with GGA approach to treat
the electronic and magnetic properties. The modiﬁed Becke–
Johnson potential (mBJ) as proposed by Tran and Blaha [72]:
mmBJX;r ðrÞ ¼ cmBRX;rðrÞ þ ð3 2cÞ
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The kinetic energy density is trðrÞ ¼ 12
XNr
i¼1
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mBRX;rðrÞ is the Becke Roussel (BR) potential [73], in Eq. (1), c is chosen
such that it depends linearly on the square root of the average of
j rqq j:rRuO3, CaRuO3 and BaRuO3 perovskite oxides respectively.
Fig. 3 (continued)
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2where a and b are the two free parameters, whose values are:
a = –0.012 (dimensionless) and b = 1.023 Bohr1/2 and Vcell is the
unit cell volume. The self-consistent calculations are considered to
be converged only when the calculated total energy of the crystal
converged to less than 1 mRy. The electronic conﬁguration of the
elements which constituted our oxides are as follows: Ba: [Xe]
6s2, Sr: [Kr]5s2, Ca: [Ar]4s2, and O: 1s2, 2s2, 2p4. Values of the
atomic sphere radii (RMT) were chosen as 2.5, 1.9, and 1.6 a.u for
(M = Sr, Ba, and Ca), Ru, and O, respectively for the cubic
(Pm–3m) phase. For the correct description of the wave functions
in the interstitial region like spherical harmonics have been
expanded up to the value of lmax = 7. The Brillouin Zone integration
is carried out with modiﬁed tetrahedron methods [74].3. Results and discussions
3.1. Magnetic phase effect on the stability and structural properties
In order to give wide comprehensions on the MRuO3 perovskite
oxide systems, based on the DFT motivation, both magnetic stabil-
ity and structural properties are studied versus the exchange-
correlation potential (i.e. correlated d-band electron). The ferro-
magnetic character is already known that is a common factor for
the ABO3 oxide family which is also proved in the current study.
Fig. 1 shows different phases investigated for MRuO3 oxides with
(M = Sr, Ca, and Ba). The ideal cubic perovskite oxide is designated
by the Pm–3m space group (Fig. 1a), where atomic positions in the
elementary cell are: A: 1b (1/2, 1/2, 1/2), Ru: 1a (0, 0, 0), and O: 3d
(0, 0, 1/2). The four-layered hexagonal phase (4H) given in Fig. 1b is
designated by the P63/mmc space group, where atoms are posi-
tioned at: A1 (0, 0, 0), A2 (1/3, 1/3, 1/4), Ru (1/3, 2/3, 0.6142), O1
Fig. 3 (continued)
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the two layered hexagonal phase (2H) which is designated also by
the P63/mmc space group, atoms are positioned at: A (1/3, 2/3, 3/4),
Ru (0, 0, 0), and O (0.1559, 1.2258, 1/4). Finally, the orthorhombic
phase is illustrated in Fig. 1d, where A1 (0, 0, 0), A2 (1/3, 1/3, 1/4),
Ru (1/3, 2/3, 0.6142), O1 (0, 0, 1/2) (3d), and (0.6129, 1.2258, 1/4).
For more comprehension, we studied our considerable perovskite
oxides SrRuO3, CaRuO3 and BaRuO3 by investing two magneticconﬁgurations: non-ferromagnetic (NF) and ferromagnetic (FM).
Fig. 2 shows the ferromagnetic conﬁguration on the cubic phase
for the CaRuO3 oxide. Calculations of magnetic ordering show that
all the studied oxides exhibit the ferromagnetic behavior, where
the computed total energy versus unit-cell volume for the SrRuO3,
CaRuO3 and BaRuO3 perovskite oxides for different phases studied
(cubic, 4H, 2H, and orthorhombic) are FM (see (Fig. 3a–d). Total
energy calculations (Fig. 4) show that BaRuO3 oxide stabilized in
Fig. 4. Computed total energy versus unit-cell volume for all the calculated
structures: the cubic phase (Pm–3m) (a), hexagonal-4H (P63/mmc) (b), hexagonal
2H (P63/mmc) (c), and orthorhombic (Pnma) (d) for the BaRuO3 perovskite oxide.
Table 1a
Structural parameters using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA approach for
Cubic SrRuO3 oxide (with Pm–3m space group).
Oxide Method Conﬁg a0 (Å) B (GPa) B0 Vol (Å3)
SrRuO3 LSDA NF 3.8686 213.2 4.45 57.90
GGA-PBE 3.9053 193.1 4.44 59.56
WC-GGA 3.9093 193.1 4.42 59.74
PBEsol-GGA 3.9581 174.3 4.25 62.01
LSDA FM 3.8718 202.8 4.74 58.04
GGA-PBE 3.9124 183.6 4.67 59.89
WC-GGA 3.9176 183.5 4.50 60.13
PBEsol-GGA 3.9703 163.1 4.34 62.58
Theor. FM 3.7a – – –
GGA 4.2b – – –
3.9c – – –
Exp. GGA – 3.923d – – –
a Ref. [15].
b Ref. [15].
c Ref. [15].
d Ref. [85].
Table 1b
Structural parameters using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA approach for
Cubic CaRuO3 oxide (with Pm–3m space group).
Oxide Method Conﬁg. a0 (Å) B (GPa) B0 Vol (Å3)
CaRuO3 LSDA NF 3.8255 220.8 4.4 55.98
GGA-PBE 3.8612 202.5 4.4 57.57
WC-GGA 3.8651 197.3 4.7 57.74
PBEsol-GGA 3.9094 182.4 4.2 59.75
LSDA FM 3.8258 218.2 4.4 55.99
GGA-PBE 3.8693 188.5 4.6 57.93
WC-GGA 3.8743 186.4 4.6 58.15
PBEsol-GGA 3.9220 167.4 4.4 60.33
Theor. GGA FM 3.949a – – –
a Ref. [86].
Table 1c
Structural parameters using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA approach for
Cubic BaRuO3 oxide (with Pm–3m space group).
Oxide Method Conﬁg. a0 (Å) B (GPa) B0 Vol (Å3)
BaRuO3 LSDA NF 3.9341 206.4 4.7 60.89
GGA-PBE 3.9704 188.6 4.5 62.59
WC-GGA 3.9744 186.9 4.5 62.78
PBEsol-GGA 4.0279 165.1 4.4 65.35
LSDA FM 3.9369 196.9 5.1 61.02
GGA-PBE 3.9781 177.1 4.8 62.96
WC-GGA 3.9827 175.2 4.6 63.17
PBEsol-GGA 4.0427 147.2 4.9 66.07
Theor. LDA 4.0059a 167.9a 64.28a
4.0059b 194.4b 64.28b
GGA FM 4.0059c – – –
4.006d – – –
3.977e – – –
a Ref. [87].
b Ref. [87].
c Ref. [88].
d Ref. [20].
e Ref. [89].
Table 2a
Structural parameters using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA approach for
Hexagonal-4H SrRuO3 oxide (with P63/mmc space group).
Oxide Method Conﬁg. a0 (Å) c0 (Å) B
(GPa)
B0 Vol
(Å3)
SrRuO3 LSDA NF 5.5651 9.3383 197.0 4.0 172.3
GGA-PBE 5.6162 9.4241 176.9 4.6 177.1
WC-GGA 5.6216 9.4331 176.0 4.9 177.6
PBEsol-
GGA
5.6876 9.5439 159.8 4.4 183.9
LSDA FM 5.5650 9.3382 193.8 4.5 172.3
GGA-PBE 5.6159 9.4236 178.5 4.7 177.1
WC-GGA 5.6226 9.4347 177.7 4.5 177.7
PBEsol-
GGA
5.6887 9.5458 157.8 4.5 184.1
Theor. – – 5.5134a 6.770a – – –
a Ref. [31].
Table 2b
Structural parameters using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA approach for
Hexagonal-4H CaRuO3 oxide (with P63/mmc space group).
Oxide Method Conﬁg. a0 (Å) c0 (Å) B (GPa) B0 Vol (Å3)
CaRuO3 LSDA NF 5.518 9.259 200.5 4.4 168.0
GGA-PBE 5.570 9.346 183.6 3.9 172.8
WC-GGA 5.576 9.357 180.4 4.4 173.3
PBEsol-GGA 5.633 9.452 164.1 4.8 178.7
LSDA FM 5.518 9.259 200.3 4.4 168.0
GGA-PBE 5.571 9.348 186.1 3.5 172.9
WC-GGA 5.576 9.357 179.6 4.4 173.4
PBEsol-GGA 5.635 9.456 166.9 3.9 178.9
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gies are ﬁtted to the Murnaghan’s equation of states [75], in order
to obtain structural parameters. The calculated lattice parameters
for different structural distortions investigated here (the equilib-
rium lattice parameter a (Å), the equilibrium volume (Å3), the bulk
modulus B, and its pressure derivative B0 for the cubic ARuO3 oxi-
des are given in (Tables 1a–1c), the four-layered hexagonal phase(4H) in (Tables 2a–2c), the two-layered hexagonal (2H) for BaRuO3
oxide in (Table 3). Finally, the orthorhombic phase for our perov-
skite oxides is shown in (Table 4a–4c) respectively, with available
theoretical and experimental values. We noted that different
approaches are employed here (LSDA, GGA-PBE, WC-GGA, and
PBEsol-GGA). Good agreement is found between our results, theo-
retical and experimental data. From current results, it appears
clearly that our materials adopt different structural phases (cubic,
orthorhombic, and hexagonal) (due to the transition phase inﬂu-
enced directly by temperature or pression factors). Our study
proved theoretically that MRuO3 oxides with (M = Sr, Ca and Ba)
exhibit the ferromagnetic magnetic in all these structural phases
which increases their physical properties. For better visualization
Table 2c
Structural parameters using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA approach for Hexagonal-4H BaRuO3 oxide (with P63/mmc space group).
Oxide Method Conﬁg. a0 (Å) c0 (Å) B (GPa) B0 Vol (Å3)
BaRuO3 LSDA NF 5.6368 9.4587 191.8 4.4 179.1
GGA-PBE 5.6872 9.5432 174.9 4.4 183.9
WC-GGA 5.6913 9.5501 171.6 5.3 184.3
PBEsol-GGA 5.7637 9.6715 151.4 4.8 191.4
LSDA FM 5.6375 9.4598 191.4 4.4 179.1
GGA-PBE 5.6876 9.5439 173.5 4.6 183.9
WC-GGA 5.6935 9.5537 172.4 4.7 184.5
PBEsol-GGA 5.7675 9.6779 156.5 4.1 191.8
Theor. NF 5.729a 9.500a – – –
FM 5.73b 14.07b – – –
GGA FM 5.73c 14.11c – – –
NF 5.693d 9.445d – – –
FM 5.699e 9.447e – – –
Exp. GGA FM 5.729f 9.500f – – –
a Ref. [90].
b Ref. [35].
c Ref. [35].
d Ref. [91].
e Ref. [91].
f Ref. [92].
Table 3
Structural parameters using LSDA and GGA-PBE approach for Hexagonal-2H BaRuO3
oxide (with P63/mmc space group).
Oxide Method Conﬁg. a0 (Å) c0 (Å) B (GPa) B0 Vol (Å3)
BaRuO3 LSDA NF 18.610 17.286 108.85 5.0 5986.7
GGA-PBE 19.810 18.810 112.76 4.98 7381.8
GGA-PBE FM 17.533 16.420 114.71 4.05 5047.6
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correlation potential by different approaches LSDA, GGA-PBE,
WC-GGA, and PBEsol-GGA) where highly correlated d-band elec-
trons are found. (Tables 5–8) show the spin effect on the magnetic
moment on the cubic, the four layered hexagonal (4H), the two-
layered hexagonal (2H) BaRuO3 oxide, and the orthorhombic
phases respectively. These tables summarized the calculated spin
magnetic moments for A(lA) (A = Sr, Ca, and Ba), Ru (lRu), OTable 4a
Structural parameters using LSDA and GGA-PBE approach for Orthorhombic
Oxide Method Conﬁg. a0 (Å) b0 (Å
SrRuO3 LSDA NF 5.4834 7.12
GGA-PBE 5.6410 7.83
LSDA FM 5.5523 7.84
GGA-PBE 5.6383 7.86
Theor. 5.56a 5.55
5.71b 5.42
GGA 5.532c 7.78
FM 5.168d 7.42
5.571e 5.53
5.53f 7.84
5.503h 5.48
LDA 5.437g 7.72
Exp. – – 5.567i 5.53
a Ref. [90].
b Ref. [90].
c Ref. [93].
d Ref. [93].
g Ref. [93].
e Ref. [92,23].
f Ref. [97].
h Ref. [94].
i Ref. [94].(lO) atoms, interstitial region (linterst) and cell (lCell.) respec-
tively versus the exchange-correlation potential. It appears clearly,
that PBEsol-GGA has overestimated the spin magnetic moments.
Sma remarks are also revealed in the structural property
calculation. We can judge that BaRuO3 is more magnetic than other
oxides in the cubic, and four-layered hexagonal phase, with the
exception of the orthorhombic phase the CaRuO3 shows one more,
we found cubic values as follows: BaRuO3 lCell. = 2.234338 lBohr,
CaRuO3 lCell. = 2.15266 lBohr, and SrRuO3 lCell. = 2.13633 l-
Bohr), where the 4H-phase gives the values: BaRuO3 lCell. =
0.03849 lBohr, SrRuO3 lCell. = 0.03670 lBohr, and CaRuO3l-
Cell. = 0.03662 lBohr), the orthorhombic phase shows CaRuO3
lCell. = 1.4726 lBohr, SrRuO3 lCell. = 1.1565 lBohr, and BaRuO3
lCell. = 0.5162 lBohr). Tables reveal that the Ruthenium contribu-
tion is more than Barium and oxygen atoms. Table 7 shows only
the two-layered hexagonal (2H) BaRuO3 oxide, this phase here
plays the important role, because a new interval is found for the
BaRuO3 transition phase. From the magnetic phase and structuralSrRuO3 oxide (with Pnma space group).
) c0 (Å) B (GPa) B0 Vol (Å3)
21 5.1920 202.7649 4.5 231.234
43 5.3962 194.5650 4.4 238.476
00 5.3244 207.7611 4.5 231.771
45 5.4042 187.5826 4.3 239.635
a 7.86a – – 242.54a
b 7.77b – – 240.38b
3c 5.556c – – –
4d 5.330d – – –
5e 7.850e – – –
f 5.57f – – –
2h 7.754h
7g 5.478g – – –
0i 7.844i – – –
Table 4b
Structural parameters using the LSDA and GGA-PBE approach for Orthorhombic CaRuO3 oxide (with Pnma space group).
Oxide Method Conﬁg. a0 (Å) b0 (Å) c0 (Å) B (GPa) B0 Vol (Å3)
CaRuO3 LSDA NF 5.4683 7.8563 5.1406 224.4 4.5 220.8433
GGA-PBE 5.5230 7.6706 5.3708 212.2 4.2 227.5324
LSDA FM 5.4143 7.6160 5.3524 216.2 4.8 220.7079
GGA-PBE 5.5640 7.7537 5.3107 191.9 4.4 229.1120
Theor. 5.35a 7.66a 5.53a – – –
5.519b 70665b 5.364b – – –
GGA FM 5.36c 5.54c 7.67c – – 227.85c
5.38d 5.48d 7.67d – – 226.22d
5.357e 5.532e 7.663e – – –
a Ref. [95].
b Ref. [24].
c Ref. [90].
d Ref. [90].
e Ref. [91,92].
Table 4c
Structural parameters using LSDA and GGA-PBE approach for Orthorhombic BaRuO3
oxide (with Pnma space group).
Oxide Method Conﬁg. a0 (Å) b0 (Å) c0 (Å) B (GPa) B0 Vol (Å3)
BaRuO3 LSDA NF 5.6910 7.9033 5.4988 209.3296 4.0 247.3233
GGA-PBE 5.7576 7.9960 5.5110 204.5476 3.5 253.7141
LSDA FM 5.6831 7.9658 5.4670 198.5039 4.4 247.4935
GGA-PBE 5.7537 8.0446 5.5236 183.2734 4.3 255.6665
Theor. GGA FM 5.3408a 7.6460 a 5.5311a – – –
a Ref. [96].
Table 5
Magnetic moments calculated using LSDA, GGA-PBE, WC-GGA, and PBEsol-GGA
approach for our cubic perovskite oxides SrRuO3 CaRuO3, and BaRuO3 (Pm–3m space
group).
Oxides Method Conﬁg. lA lRu lO linterst lCell.
SrRuO3 LSDA FM 0.00555 1.06788 0.15945 0.47412 1.99460
GGA-PBE 0.00664 1.10266 0.15532 0.45410 2.06070
WC-GGA 0.00646 1.14476 0.16175 0.47385 2.11772
PBEsol-GGA 0.00646 1.15014 0.16208 0.47489 2.13633
CaRuO3 LSDA FM 0.00721 0.82473 0.12897 0.39024 1.60908
GGA-PBE 0.00809 0.96593 0.15421 0.45485 1.84020
WC-GGA 0.00816 1.02393 0.14737 0.42401 1.94950
PBEsol-GGA 0.00798 1.15054 0.16821 0.48949 2.15266
BaRuO3 LSDA FM 0.00043 0.01191 0.00073 0.01255 0.02706
GGA-PBE 0.00931 1.15318 0.15920 0.48603 2.09660
WC-GGA 0.00682 1.16630 0.15991 0.44374 2.12612
PBEsol-GGA 0.00795 1.22894 0.16356 0.50681 2.23438
Table 6
Magnetic moments calculated using LSDA, GGA-PBE, WC-GGA, and PBE
oxides SrRuO3 CaRuO3, and BaRuO3 (P63/mmc space group).
Oxides Method Conﬁg. lA
SrRuO3 LSDA FM 0.00048
GGA-PBE 0.00090
WC-GGA 0.00087
PBEsol-GGA 0.00086
CaRuO3 LSDA FM 0.00059
GGA-PBE 0.00205
WC-GGA 0.00193
PBEsol-GGA 0.00178
BaRuO3 LSDA FM 0.00083
GGA-PBE 0.00126
WC-GGA 0.00134
PBEsol-GGA 0.00124
Table 7
Magnetic moments calculated using LSDA, GGA-PBE approach for our two-layered
hexagonal (2H) perovskite oxides SrRuO3 CaRuO3, and BaRuO3 (P63/mmc space group).
Oxides Method Conﬁg. lA lRu lO linterst lCell.
BaRuO3 GGA-PBE FM 0.00085 0.00221 0.24731 0.09221 0.03725
L. Abbes, H. Noura / Results in Physics 5 (2015) 38–52 45property calculation investigated in this part, we have found theo-
retical parameters for different structural phases (cubic, ortho-
rhombic and hexagonal) for SrRuO3, CaRuO3 and BaRuO3 oxides
which reproduce very well the theoretical and experimental values
for others works. Total energy calculations show that BaRuO3 oxide
stabilized in the two-layered hexagonal (2H) phase. These physical
properties on the ferromagnetic perovskites oxides-type are inﬂu-
enced by their resistivity, chemical stability, and high correlated
band electrons which increased systematically their technological
applications.4. Electronic properties
4.1. Band structure
To better visualize the spin effect on the electronic structure for
considerable ARuO3 oxides, we used both GGA and GGA-modiﬁed
Becke–Johnson (mBJ) approaches on the structure band calcula-
tion. In this part, we considered only the cubic (Pm–3m) phase.
The calculated electronic non-ferromagnetic and ferromagneticsol-GGA approach for our four-layered hexagonal (4H) perovskite
lRu lO linterst lCell.
0.00115 0.18503 0.03469 0.01196
0.00229 0.43165 0.08026 0.03348
0.00237 0.46598 0.08605 0.03538
0.00216 0.60255 0.11077 0.03670
0.00083 0.03358 0.00483 0.00106
0.00431 0.43228 0.07769 0.03290
0.00297 0.09585 0.01640 0.00673
0.00411 0.49387 0.08765 0.03662
0.00147 0.26193 0.05038 0.01874
0.00245 0.47238 0.08965 0.03347
0.00252 0.51037 0.09512 0.03367
0.00243 0.56486 0.10637 0.03849
Table 8
Magnetic moments calculated using LSDA, and GGA-PBE approach for our orthorhombic perovskite oxides SrRuO3 CaRuO3, and BaRuO3 (Pnma space group).
Oxides Method Conﬁg. lA lRu lO linterst lCell.
SrRuO3 LSDA FM 0.0057 0.6994 0.0998 0.0993 1.5727
GGA-PBE 0.0025 1.1402 0.17609 0.1484 1.1565
CaRuO3 LSDA FM 0.0103 0.9169 0.1548 0.1548 1.1888
GGA-PBE 0.0076 1.1603 0.1716 0.1462 1.4726
BaRuO3 LSDA FM 0.0031 0.3284 0.0514 0.0402 0.4132
GGA-PBE 0.0040 0.3635 0.0538 0.0445 0.5162
Fig. 5a. Band structure for SrRuO3 perovskite oxide in the cubic phase within GGA and GGA-mBJ approaches.
46 L. Abbes, H. Noura / Results in Physics 5 (2015) 38–52
Fig. 5b. Band structure for CaRuO3 perovskite oxide in the cubic phase within GGA and GGA-mBJ approaches.
L. Abbes, H. Noura / Results in Physics 5 (2015) 38–52 47(spin–Up and spin–Dn) band structures for SrRuO3, CaRuO3 and
BaRuO3oxides are shown in (Figs. 5a–c) respectively by GGA and
GGA-mBJ approaches. GGA ﬁgures show that the oxides studied
here are metallic, this result agrees very well with other theoretical
and experimental data [76–78,15]. The metallic character is a com-
mon factor for our oxides, it has been published in different scien-
tiﬁc works, this character is given by the cubic phase (Pm-3 m) as
well by the orthorhombic phase (Williams et al. [79] have foundthat SrRuO3 (orthorhombic Pbnm) is FM with a magnetic moment
equal to 1.1 lBohr [80], Cai et al. [81] mentioned that the magnetic
moment varied between 0.8 and 1.6 lBohr). The CaRuO3 oxide is
paramagnetic with a metallic behavior conﬁrmed the Ramsa
et al. [82] study with a magnetic moment equal to 3.2 lBohr
at  temperature 163 K, and shows the metallic character allows
it to be a good electrical conductor. In other hands, the GGA-mBJ
provides an insulator behavior within indirect gaps, because it
Fig. 5c. Band structure for BaRuO3 perovskite oxide in the cubic phase within GGA and GGA-mBJ approaches.
48 L. Abbes, H. Noura / Results in Physics 5 (2015) 38–52creates an enlargement between the bands which allows the
appearance of a gap. The current result agrees with Zhao et al.
[77,83] where they mentioned that the BaRuO3 oxide has an insu-
lator behavior with a pseudogap at a temperature of 110 K, they
have also mentioned that this oxide became a paramagnetic with
a metallic character at 1000 C and 36 GPa. Noh et al. [25] have also
found the rhombohedral (9R) BaRuO3 oxide is an insulator at
110 K. Zhao et al. [25] mentioned also that rhombohedral (9R)
BaRuO3 oxide is an insulator, whereas the four-layered hexagonal
(4H) is metallic. Lee et al. [84] have found that rhombohedral
(9R) BaRuO3 oxide is an insulator with 0.1 eV pseudogap, and ametallic behavior for (4H) phase at temperatures below 4 K. The
GGA approach has proved its efﬁciency to describe the electronic
structure of materials, the GGA-mBJ is a modiﬁcation employed
especially on semi-conductors and insulator materials; it gives
accurate results and wide gaps.
4.2. Densities of states
The total and partial densities of state of states for tree consid-
erable oxides NF and FM conﬁgurations) are shown in Figs. 6a–c,
respectively by GGA and GGA-mBJ approaches. We can see from
Fig. 6a. Calculated partial and total densities of states for SrRuO3 oxide in the cubic phase within GGA and GGA-mBJ approaches.
Fig. 6b. Calculated partial and total densities of states for CaRuO3 oxide in cubic phase within GGA and GGA-mBJ approaches.
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Fig. 6c. Calculated partial and total densities of states for BaRuO3 oxide in cubic phase within GGA and GGA-mBJ approaches.
50 L. Abbes, H. Noura / Results in Physics 5 (2015) 38–52these ﬁgures that all atoms are contributing to the DOS at the
energy range from 15 to 15 eV with an important contribution.
The Ru contribution is due essentially to the d-Ru states, which is
dominant in comparison with other states whether in GGA or
GGA-mBJ approach, while the 2p-O states contribution is too
low. The A (A = Sr, Ba, and Ca) presence is made by the 3d-Sr and
3d-Ba states in the SrRuO3 and BaRuO3 oxides respectively, and
by the 2p-Ca in the CaRuO3 oxide which are slightly less than 4d-
Ru states in both NF and FM conﬁguration plots. The difference
between GGA and GGA-mBJ approaches is given by the difference
found between energy levels of each of them, which inﬂuences
directly the locating peaks created by the enlargement between
bands in the GGA-mBJ case. The 4d-Ru states in SrRuO3 in the NF
conﬁguration using GGA are localized at (15 to 0 eV) and by
GGA-mBJ at (7.5 to 7.5 eV), while the 3d-Sr states at (12 to
5 eV) GGA and (7.5 to 0 eV) GGA-mBJ, the oxygen states are
found at (12 to 5 eV) GGA and (7.5 to 0 eV) GGA-mBJ. Same
remarks are raveled from both NF and FM CaRuO3 and BaRuO3
oxides. The spin–Up and spin–Dn analysis shows no difference
between their contributions, they give the same behavior using
GGA and GGA-mBJ approaches. A strong correlation between state
levels is due essentially to the hybridization between 4d-Ru and
2p-O states for all oxides studied here in NF and FM conﬁgurations,
which create the covalent bonding which will be explained later in
the charge density calculation.4.3. Charge densities
Fig. 7 shows the spin densities plotted using GGA and GGA-mBJ
approaches for SrRuO3, CaRuO3 and BaRuO3 oxides respectively
(the difference between the electron density of spin–Up and
spin–Dn is given) in (110) directions. From this ﬁgure, we remarkthat the sphere charge between Ru-O is more important than Sr–O,
and Ca–O or Ba–O. This charge density is due essentially to the
hybridization between the 4d-Ru and 2p-O states found also in
the densities of states, accompanied by a sphere charge less impor-
tant and localized in the oxygen atom level, this explains that the
strong covalent interaction between the Ru–O bonds in our oxides
is responsible for a high bulk modulus. Tree-types of chemical nat-
ure bonding are found. Covalent bonding is found between the A–A
(Sr–Sr, Ba–Ba, and Ca–Ca) atoms and Ru–Ru atoms. A covalent
bonding with an ionic character is found between Ru and O atoms.
The ionic bonding is also present due to the oxygen elements. We
remake the same contribution given by spin–Up and spin–Dn
states. We noted that the modiﬁed Becke–Johnson approach has
contributed to the correct electronic structure (band structure
and densities of states) of our oxide systems, but this contribution
does not appear clearly on the charge density calculation. A differ-
ence between the GGA and GGA-mBJ is always present; we see that
the GGA-mBJ is denser than GGA.5. Conclusion
With a set of density functional calculations using the full-
potential linear augmented plane-wave methods (FP-LAPW) we
have calculated the structural, electronic and magnetic properties
of tree perovskites oxides (SrRuO3, BaRuO3, and CaRuO3) within
the cubic phase (Pm–3m space group) in comparison with other
phases (4H) four-layered hexagonal (P63/mmc space group), (2H)
two-layered hexagonal (P63/mmc space group) and orthorhombic
(Pnma space group). Total energy calculations show that BaRuO3
oxide stabilized in the two-layered hexagonal (2H) phase. The
structural properties are found in good agreement with
experiment and theoretical data. This study should be useful to
Fig. 7. Contour plot of the total valence charge density in the (110) plane for ferromagnetic SrRuO3, CaRuO3 and BaRuO3 perovskite oxides in the cubic phase within GGA and
GGA-mBJ approaches.
L. Abbes, H. Noura / Results in Physics 5 (2015) 38–52 51understanding the structural distortion for the perovskite oxides,
their electronic structure and the spin effect which caused the
magnetic interaction. The calculations of magnetic ordering show
that SrRuO3, BaRuO3, and CaRuO3 oxides are ferromagnetic. The
magnetic moments are evaluated per atom. Finally, GGA approach
gives an accurate description of the electronic structure of the
oxide systems through their band structures and densities of states
and charge densities, whereas the modiﬁed Becke–Johnson
approach corrections are able to reproduce the correct electronic
structure of oxide systems only on the band structure and densities
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